We studied the expression patterns of the essential (alkali) myosin light-chain isoforms in adult human skeletal muscles, using in situ hybridization and single-fiber protein analysis. In analogy to other species, we found that the fiber type-specific expression of essential myosin light chains is regulated via the availability of the respective "As in a given fiber. In contrast to other species, the slow isoform Isa was only expressed in the most oxidative Type I fibers (Subtype IA) in addition to lsb. These fibers also contained high levels of carbonic anhydrase III. Within the fibers, the essential myosin light-chain "As were located preferentially in the perinuclear regions and to a lesser extent in the ' Supported by Eidgenossische Sportkommission Magglingen (Switzcrland), Institute of Sports Sciences, Magglingen, and Sandoz Stiftung zur Forderung der Medizinixh-biologixhen Wissenschaften (Switzerland).
Introduction
The physiological characteristics of skeletal muscle fiber types ace based on different isoforms of the contractile proteins (reviewed, e.g., in Schiaffino and Reggiani, 1994) . It was shown in animal models that the mRNAs coding for certain isoform families are expressed in a fiber type-specific manner (Billeter et al., 1992; Hesketh et al., 1991; Aigner and Pette, 1990; Diu and Eisenberg, 1988) . For human muscle, few studies exist on the fiber type-specific expression of myofibrillar mRNAs, showing merely individual isoforms (Jostarndt et al., 1994; Soussi-Yanicostas and Butler-Browne, 1991; Brand et al., 1990) . Here we present the expression of one family of myofibrillar isoproteins, the "essential" myosin light chains (ELCs; also called alkali light chains). Using in situ hybridizations, a detailed analysis of the ELC mRNA distribution was carried out in a wide variety of human skeletal muscles, Correlation with several enzyme markers as well as ELC protein content indicated that ELC isoform expression is controlled at the level of mRNA and is linked to the metabolic properties of the individual muscle fibers.
Myosin is a hexamer of two heavy chains and four light chains.
Two light chains, one regulatory light chain (RLC) and one essential (alkali) light chain (ELC), stabilize an extended a-helical segment in the hinge region of each heavy chain (Rayment et al., 1993) . The light chains are necessary for full force development. Removal of either ELC or RLC markedly reduces myosin velocity in an in vitro motility assay (Lowey et al., 1993) . ELCs, but not RLCs, appear to be important for isometric force generation (VanBuren et al., 1994) . Different isoforms of ELCs are believed to confer different contractile properties to a given heavy chain. There are five ELC protein isoforms in human striated muscle (Table 1 ). They are encoded on different genes which are located on different chromosomes, with the exception of ELC If and ELC 3f. ELC If and ELC 3f "As are generated from the same gene in a process involving alternative splicing and the use of two different promoters (Seidel and Arnold, 1989) . The ratio of ELC If and 3f is negatively correlated with the speed of contraction in rabbit and rat skinned fibers (Bottinelli et al., 1994; Greaser et al., 1988; Sweeny et al., 1988) . Such a correlation could not be demonstrated in the only study thus far reported on humans (Larsson and Moss, 1993) . The reference cited in Table   1 (Salviati et al., 1983) is the only study we found on ELC Isa in normal adult human muscles. Its mRNA was detected in human fetal muscles and primary muscle cell cultures (Sutherland et al., 1993) . However, ELC Isb is also the ELC of the adult human ventricle (Wade et al., 1989; Kurabayashi et al., 1988) . ELC If and ELC 3f are not restricted only to Type I1 fibers but are also found, to JOSTARNDT, PUNTSCHART, HOPPELER, BILLETER Sahiati et al., 1983 Salviati et al.. 1983 Billeter et al., 1981 Larsson and Moss, 1993; Biral et al., 1984; Salviati et al.. 1983; Billeter et al., 1981 Salviati et al., 1983 Billeter et al., 1981 Biral et al., 1984 Strohmann et al., 1983; Fitzsimons and Hoh. 1981 and some Type I fibers a variable extent, in Type I fibers, as shown by two-dimensional gel electrophoresis of single fiber fragments (Salviati et al., 1983; Billeter et al., 1981) . ELC lemb is the principal ELC isoform in fetal skeletal muscle, adult human atrium, and fetal ventricle (Zimmermann et al., 1990; Kurabayashi et al., 1988; Seidel et al., 1988) . Although the protein coding regions of the mRNAs in these tissues are the same, they differ in their 5' and 3' noncoding ends, which arise from the use of different promoters and alternative splicing pathways (Rotter et al., 1991) .
This study investigated the expression of the ELC isoforms among the fibers in a wide variety of human muscles. mRNA signals from in situ hybridizations were correlated (a) with myofibrillar ATPase staining, indicating the fiber type and thus the isoform of the myosin heavy chain prevailing in the fiber; (b) with the ELC protein patterns of selected single fibers, using two-dimensional gel electrophoresis; and (c) with the classic metabolic markers NADH tetrazolium reductase (NADH-Tr) and a-glycerolphosphate dehydrogenase (a-GPDH), as well as carbonic anhydrase 111, which is believed to facilitate COz diffusion out of the muscle cell (Gem and Gros, 1991) and to be negatively correlated with glycolytic capacity (Frhont et al., 1987) . Within the muscle fibers, the ELC mRNAs were preferentially located in the perinuclear regions.
A particular emphasis in this study was placed on the expression of ELC Isa. We found a fiber type-specific expression pattern for all mRNAs investigated that matched the protein data of the single fibers, indicating a tight co-regulation of myosin heavy-and light-chain isoforms, Type I fibers could be subdivided into two' subtypes on the basis of ELC 1sa expression, the most oxidative fibers expressing ELC ha in addition to ELC Isb, the others not. Remarkably, small reproducible differences in the expression patterns of the ELC mRNAs were found between leg muscles and muscles from the shoulderlarm region.
Materials and Methods

Muscles.
A total of 57 muscle samples from 12 different muscles were analyzed (for detailed information see Eble 2). The samples were obtained by needle biopsy (Bergstrom technique) or by surgical biopsy. They were frozen in isopentane cooled in liquid nitrogen and then stored in liquid nitrogen. For in situ hybridizations and histochemistry, 12-pm cryostat sections were cut and thawed onto microscope slides treated with aminoalkylsilane (Rentrop et al., 1986 ) before storage at -7O'C for up to 2 years.
Probes. Synthetic RNA probes were used to reach maximal sensitivity. ELC isoform mRNA-specific inserts were subcloned into plasmids (Table   3 ) from which the probes were transcribed with T7 RNA polymerase, using the conditions of Melton et al. (1984) . Depending on the orientation of the insert, either RNA with a sequence complementary to the mRNA was synthesized (anti-sense probe, used for specific hybridization) or RNA with a sequence identical to the mRNA (sense probe, used as negative control). Radiolabeled probes were generated according to Melton et al. (1984) . using [33P]-UTP (2000 Ci/mM) (New England Nuclear; Boston, MA) as radioactive label and nonradioactive UTP to 20 phi final concentration. The probes had a specific activity between 4.2-5.5 x lo8 dpmlpg. In vitro synthesis of digoxigenin-labeled probes was performed as described in the DIG RNA labeling kit (Boehringer Mannheim, no. 1093657; Mannheim. Germany) .
For technical reasons, we could not distinguish between the two fast ELC mRNAs If and 3f. The two fast isoforms are generated from the same gene via constitutive splicing mechanism, resulting in mRNAs that differ only in their 5' untranslated regions and in a short NH2 terminal coding sequence (Seidel and Arnold, 1989) . Probes specific for either isoform (ELC If, cDNA position 49-111; ELC 3f; 1-59; see Eble 3 for reference) specifically hybridized to RNA bands of the correct sizes on Northern blots, but only under low-salt hybridization conditions (0.5 x SSC = 150 mM NaCI, 17.5 mM Na-citrate, pH 7), where the specificity was controlled in the hybridization and not in the washing step. These conditions, as well as various high-salt hybridization solutions (including those used successfully for the other probes), all failed to generate clear in situ hybridization signals on the cryostat sections. Many variations of many other steps of the protocol (fixation, proteinase digestion, acetylation, RNA= digestion, washing steps) also did not produce successful hybridizations with these probes. The probe specific for the common region, however, yielded the expected, (Billeter et al., 1992) . The specificity of the ELC emb probe was tested on biopsy specimens from dystrophic muscles as well as on human masseter muscle sections (data not shown). Very high in situ hybridization signals were found in small developing fibers in the dystrophic muscles. In masseter the ELC emb probe yielded signals in Type I1 fibers only, which confirmed the results obtained by Soussi-Yanicostas and Butler-Browne (1991).
In Situ Hybridization. We followed the protocol of Angerer and Angerer (1991) . with some modifications. For fixation, the slides with the 12pm cryostat sections were transferred from -70°C directly into 4% paraformaldehyde in 1 x PBS (137 mM NaCI, 3 mM KCI, 15 mM Na/K-phosphate, pH 7.4) for 15 min at room temperature (RT) and washed for 5 min in 1 x PBS. Digestion with proteinase K (30 pg/ml), 20 min at 37'C; Boehringer) was followed by 5 min in 1 x PBS, another fixation step in 4% paraformaldehyde-1 x PBS (5 min). twice for 1 min in 1 x PBS, and twice for 1 min in 2 x SSC. After incubation in 0.25% acetic anhydride-0.1 M triethanolamine (10 min) and subsequently in 0.1 M Xis-glycine, pH 7.0 (30 min), the sections were dehydrated in a series of graded ethanol steps.
Hybridization was carried out for 16 hr in 40 pl of hybridization solution under a siliconized coverslip (32 x 24 mm) at 45°C in a sealed chamber moistened with 5 x SSC. The hybridization solution contained 5 x SSC. 40% formamide, 1 x Denhardt's solution (0.02% w/v Ficoll, 0.02% w/v polyvinylpyrrolidone. 0.02% wlv bovine serum albumin), 100 pg/ml of each carrier DNA and RNA, 10% dextran sulfate, and the probe at a concentration of 0.3% ng/pl. Before application to the sections, the hybridization solution was heated to 65'C for 5 min.
Coverslips were floated off in 5 x SSC (three times for 20 min). Thereafter. the slides were subjected to two stringent washes in 0.5 x SSC-20% formamide at 60'C. The sections were treated with ribonuclease A (at 0.5 pglml in 2 x SSC; Sigma, St Louis, MO) for 30 min at 37°C. followed by another stringent wash for 10 min and two short washes in 2 x SSC. Controls entailed hybridizations with sense probes (in this case MLC lfl3f) as well as treatment with RNAse A (100 pglml. 15 min at RT) before the protein= K digestion step.
Detection of the Digoxigenin-labeled Probes. For the digoxigeninlabeled probes, the enzymatic detection was done according to the producer's description (Boehringer; no. 1175041). using NBT-BCIP (nitroblue tetrazolium-5-bromo-4-chloro-3-indolyl phosphate) as substrate for alkaline phosphatase. The polyclonal sheep anti-digoxigenin Fab fragment conjugated to alkaline phosphatase (750 U/p1) was used at a dilution of 1:5000. The color reaction was carried out in the dark with the slides upside down in a tray containing a thin layer of the substrate solution. To get a good signal, it was necessary to run the color reaction for 120 hr because of the low abundance of mRNAs in human skeletal muscle (discussed in Jostarndt et al., 1994) . To avoid the formation of a nonspecific precipitate due to oxidation of the substrate, the slides were covered with a Paraffin sheet to prevent contact with air (Schaeren-Weimers and Gerfin-Mar, 1993). Sections were mounted in Kaiser's gelatin (Merck; Darmstadt, Germany).
Autoradiography. The sections were dehydrated in a series of ethanol steps with 300 mM ammonium acetate instead of water and dried over silica gel. The slides were dipped once in Kodak NTB 3 emulsion in the dark, dried, and subsequently stored desiccated in a light-tight box at 4°C for 3-11 days. Development was performed at l9'C in Kodak D19 (1:l in water) for 4 min in the dark, followed by 1 min in 1% acetic acid and 15 min in Kodak Unifix. After rinsing for 15 min in tapwater, the sections were counterstained with hematoxylin-eosin and embedded in Kaiser's gelatin.
Histochemistry. Histochemical localization of myofibrillar ATPase was carried out according to Brooke and Kaiser (1970) . After acid preincubation at pH 4.6, Type I fibers (slow twitch) stain dark and Type I1 fibers (fast twitch) stain lightly (IIB) or are unstained (IIA). After alkaline preincubation at pH 10.3, Type I fibers are unstained, whereas type I1 fibers stain dark. Immunostainings with anti-slow (MAb 1628; Chemicon, Temecula, CA) and anti-fast myosin heavy chain IgG (MY-32; Sigma) gave results equivalent to the ATPase stains (not shown). The oxidative and glycolytic capacities of the fibers were demonstrated by the enzymatic stains of NADH-tetrazolium reductase (NADH-%) and of a-glycerolphosphate dehydrogenase (a-GPDH) according to Lojda et al. (1976) .
Carbonic Anhydrase III Immunohistochemistry. Because carbonic anhydrase 111 is a soluble protein, histochemical staining was done on formaldehyde vapor-fixed cryostat sections according to the method of Fiichtbauer et al. (1991) . with some modifications. This method was clearly superior to a number of other fixation procedures tested because it avoids thawing of the unfixed muscle section, a step that presumably leads to contraction of the filaments and subsequent washing out of a substantial amount of soluble material.
Teflon-coated slides (Super Frost Plus; Menzel, Braunschweig, Germany) were precooled to -20°C in the cryostat. A formaldehyde vapor box was prepared by covering the bottom and the lid of a small plastic box with a layer of paper towels soaked with 37% formaldehyde and subsequently cooled to -20°C. Cryostat sections 12 pm thick were pressed onto the slides with a small cold plastic rolling pin and immediately transferred into the formaldehyde vapor box, where they were fixed for at least 2 hr (up to overnight) at -20'C. Then they were slowly warmed to room temperature for 1-1.5 hr, followed by three washes of 3 min each in 1 x PBS. The sections were blocked for 20 min with 20% horse serum in 1 x PBS and again washed in 1 x PBS (twice for 3 min). Thereafter, the sections were incubated for 2 hr in a humid chamber (37'C) with rabbit anti-carbonic anhydrase 111 antibody (Vaananen et al., 1985) diluted 1:lOO with 0.5% bovine serum albumin'(BSA) in 1 x PBS. After washing in 1 x PBS, the sections were incubated with the second antibody (anti-rabbit IgG conjugated to FITC (Sigma; No. F9887) diluted 1:150 with 0.5% BSA-I x PBS) for 1 hr in the dark at RT, followed by several washes (three times for 5 min in 1 x PBS). Thesectionswcremounted in 15% Mowiol (Hocchst-4.88: Frankfurt, Germany) and photographed with Kodak T-Max 400 black-Isolation and Epigenetic Labeling of Fragments from Single Muscle Fibers. Fragments from 18 selected fibers were isolated according to Staron and Pette (1986) hybridization and histochemical staining. Lyophilization was performed at -35'C at IO-' Torr overnight. The desired fibers were dissected out under a stereo microscope at x 50 magnification. Their proteins were I4Clabeled by reductive methylation in 8 pl of labeling buffer containing 80 mM HEPES [4-(2-hydroxyethyI)-l-piperazine ethane sulfonic acid], 16 mM sodium cyanoborohydride, 32 mM tetrasodium diphosphate (sodium pyrophosphate), and 3.25 pCilpI [ "Cl-formaldehyde (58 mCilmmol) for 2 hr at RT (Billeter et al., 1981) . The reaction was terminated by the addition of 3 pI stop mix (3% sodium dodecyl sulfate, 1% P-mercaptoethanol) and boiling for 3 min. followed by a 20-sec Eppendorf centrifuge run. Before adding the two-dimensional gel lysis buffer, the samples were allowed to cool to RT for 30 min to avoid carbamylation reactions.
Two-dimensional Gel Electrophoresis. Thirty pl of 2D gel lysis buffer (9.5 M urea, 2% Nonidet P40.20~ ampholine (Pharmacia 2-D-Pharmalyte 3-10. no. 17-0561-01; Pharmacia (Uppsala. Sweden)] was added to the 11-pI sample with stop mix, yielding a ratio of Nonidet P40 to SDS of 75.
Two-dimensional gel electrophoresis was performed essentially according to O'Farrell (1975) . using the pH gradient created by the ampholines 3-10 in the first dimension. The second dimension was a 15% gel. using isoleucine instead of the normally used glycine for the running buffer to clearly separate the human ELC 1sb and ELC If. as described in Baumann et al. (1984) . Its composition was 25 mM Tris base (Tris hydroxymethyl aminomethane), 100 mM isoleucine (Fluka; Buchs. Switzerland), and 0.1% sodium dodecyl sulfate. Gels were run until the bromophenol blue marker dye had completely eluted. A disadvantage of this buffer is that it some-times creates "wavy" bands ( Figure 2 , fiber 2; and Baumann et al., 1987 . Figure 4) .
After the run. the gels were fixed in 10% methanol-lO% acetic acid. washed in water four times for 20 min (to remove the acetic acid, which could damage the imager screens), dried, and exposed to a tungsten screen for 55 days before analysis on a molecular dynamics phosphorous imager (4.25E). The imager data were imported into the program Correl draw (Correl; Ottawa, Ontario,) and printed on a digital continuous-tone printer (Kodak XLT7720).
Results
Fiber Qpe-speczpc Expression of Human ELC mRNAs
The basic pattern of ELC mRNA expression is exemplified on the sections of an m. pectoralis (Figure 1 ). Serial sections were hybridized with probes specific for the light-chain mRNAs and correlated to the metabolic stains as well as to carbonic anhydrase I11 expression.
The mRNAs coding for the slow ELCs were found in Type I fibers only. ELC 1sb mRNA was strongly expressed in all Type I fibers (Figure 1b numbers 1. 2 and 3 on the sections a, b . and c. which are the same as in Figure 1. (a) Hybridization with anti-sense probe specific for ELC isa mRNA. (b) Hybridization with anti-sense probe specific for ELC isb mRNA. (c) Hybridization wih anti-sense probe specific for ELC iW3f mRNA. In the 2D gels, the ELCs. RLCs, actin, and tropomyosins (TM) are indicated. The gels were run with isoleucine instead of glycine in the running buffer to separate ELC isb and ELC 11 (Baumann et al., 1984) . In 2D gels, the ELCs run as double spots in the first dimension, which is probably due to secondary modification occurring during the freeze-drying process (Billeter et al., 1981) . Id and le) . These fibers also had strong carbonic anhydrase I11 expression (mRNA as well as protein; Figures Ig and lh) . Type I fibers with lower carbonic anhydrase I11 and medium a-GPDH as well as NADH-Tr stains had ELC lsa mRNA levels close to background (open triangles).
lowest a-GPDH and very high NADH-Tr staining reactions (Figures
The mRNA for ELC lf/3f is expressed at high levels in all Type I1 fibers and to a variable extent in Type I fibers as well ( Figure  IC) . For technical reasons, we could not distinguish between ELC lf and ELC 3f mRNA (see Materials and Methods). For ELC lemb mRNA (Figure ll) , no obvious signal was found. The slightly darker shadowing of the Type I fibers in Figures lj and 1k stems from the hematoxylin coloring. Figure 2 illustrates the correlation of ELC mRNA and protein content in two Type I(1, 2) and one Type I1 fiber (3), which are the same as in Figures la-lc. The gels are representative for a total of 18 fibers analyzed from m. deltoideus and m. pectoralis. The ELC spots on the 2D gels were identified by their relative position to actin and tropomyosin, analogous to Billeter et al. (1981) and Salviati et al. (1983) .
Correlation Between ELC m R N A and Protein
Fiber No. 1 shows the myosin light-chain pattern of a Type I fiber, with low a-GPDH activity and high carbonic anhydrase 111 (see Figures Id and Ih) . The fiber contained ELC lsa and ELC Isb, as well as a small amount of ELC If. This matched the mRNA signals in Figures 2a-2c .
Fiber No. 2 did not contain ELC Isa; it contained ELC k b only, which was also in accordance with the mRNA signals (Figures 2a-2c ). This fiber had higher a-GPDH activity and low carbonic anhydrase I11 and NADH-Tr activity (see Figures Id, Ih, and le) .
Fiber No. 3 was a Type I1 fiber containing the fast ELC If and small amounts of ELC 3f, but no slow isoforms. This pattern again fits the mRNA signals (Figures 2a-2c ). The fiber had high a-GPDH activity, no detectable carbonic anhydrase 111, and very low NADH-Tr activity (see Figures Id, Ih, and le) . The ATPase stain after acid preincubation (Figure li) identified it as Type IIA. Its metabolic stains are not different from the neighboring IIB fibers, illustrating the broad overlap between these two fiber subtypes (Halkjaer-Kristensen and Ingemann-Hansen, 1978) .
The mRNA signal therefore reflectedat least semiquantitatively-the ELC protein content in a given adult human muscle fiber. ELC 1sa was always co-expressed with ELC Isb. The occurrence of ELC If (and 3f) in Type I fibers was variable and could not be correlated to any of the metabolic parameters analyzed. A good correlation between mRNA and protein signals could also be observed for carbonic anhydrase 111 (Figures Ig and Ih) .
IntraceIIuLar Localization of ELC mRNAs
The in situ hybridizations in Figures 1b and 1g indicate that mRNAs of ELC Isb and CAIII were preferentially located in the subsarcolemmal regions. This kind of localization is at the limit of spatial resolution of the autoradiography with the 33P system, whose highenergy P-rays travel comparatively far in the emulsion. Therefore, the intracellular localization was studied using digoxigenin-labeled probes, a system that allows better spatial resolution (Jostarndt et al., 1994) . I n situ hybridizations with this system showed that the mRNAs investigated were preferentially located in the periphery of the fibers (see Figure 5 ) . Figure 3a shows that the mRNAs were mainly located in the perinuclear area (arrow). The ELC 1sb mRNA signals (arrowheads) also surrounded nuclei, which we could identify by using different focusing planes. Signal intensity was maximal within a radius of 2-3 pm around the nuclei, then decreased and reached a basal level at around 10 pm. The perinuclear concentration was particularly conspicuous in a rare "central" nucleus (shown in Figure 3c , curved arrow). This nucleus was surrounded by a halo of ELC 1sb mRNA.
In addition, the longitudinal section (Figure 3b ) revealed signal stripes (arrows), whose spacing was 1-1.5 pm, which is about the diameter of a myofibril. We interpret these stripes as mRNAs located in the intermyofibrillar cytoplasmic spaces. Cross-striations, as described by Aigner and Pette (1990) for P-myosin heavy-chain mRNA in rabbit muscle, could not be unequivocally identified in the human muscles analyzed.
In addition to the strong perinuclear signals and the intermyofibrillar stripes, we also consistently found patches of signals randomly distributed throughout the whole fiber diameters (open arrows in Figure 3c ). All of the ELC mRNAs, as well as the mRNA coding for carbonic anhydrase 111, were distributed in this manner. There were quantitative differences, however. ELC 1sb and carbonic anhydrase I11 mRNAs showed the strongest perinuclear localization, whereas ELC 1f/3f "As showed more of the random patchiness, especially in muscles from the shoulder/arm region. This is best illustrated in Figures Se and 5f.
ELC Expression Patterns in SbouIder/Arm and Leg Muscles
The ELC mRNA pattern was in principle the same in all the muscles analyzed. There were, however, fine differences between muscles from the shoulder/arm region and the legs. This is illustrated in Figure 4 , which compares the ELC mRNA expression of an m. deltoideus (a shoulder muscle) and an m. vastus lateralis (leg muscle) from two males with 33P autoradiography. Figure 5 shows the ELC mRNAs of an m. biceps brachii (an arm muscle) and m. vastus lateralis from two females, using the digoxigenin system. Type I fibers with high expression of ELC Isa as well as carbonic anhydrase 111 mRNA and very low a-GPDH stain (arrowheads in Figures 4a, 4e, and 4i) were frequently found in m. deltoideus, comprising about half of the Type I fibers in this muscle. Such fibers were infrequent in m. vastus lateralis. Most fibers with low a-GPDH stain in this muscle contained distinctly less ELC 1sa and carbonic anhydrase 111 mRNA (arrowhead in Figures 4c, 4g, and 4k) .
The Type I fibers of the two muscles in Figure 5 show these differences also. About half of them have distinct signals for ELC lsa as well as CAIII mRNAs (arrowheads in Figures Sa and Sg) , whereas in m. vastus lateralis such Type I fibers were rare. In most Type I fibers expressing ELC 1sa and carbonic anhydrase I11 "As, the signals were lower (Figures 5b and 5h) .
ELC 1f/3f mRNA signal levels in many Type I fibers of m. vastus lateralis were similar to Type I1 fibers (Figures 4h and 5f ). I n m. (c,d,g,h,k,l) . (ap) Hybridization with antisense probe specific for ELC 1sa mRNA.  (b,d) Hybridization with anti-sense probe specific for ELC lsb mRNA. (e,g) Hybridization with anti-sense probe specific for carbonic anhydrase 111 mRNA. (f,h) Hybridization with anti-sense probe specific for ELC 11/31 mRNA. (i,k) a-Glycerolphosphate dehydrogenase stain. (i.1) NADH-tetrazolium reductase stain. Arrowheads point to Type I fibers typical for these muscles. For further explanation see text. The in situ hybridizations were counterstained with hematoxylin-eosin after development of the autoradiographs to visualize the cell borders. Fiber types as determined by ATPase stain (not shown) are indicated by Roman numerals (I, 11). The sections from both muscles were processed together. Exposure time was 14 days for all autoradiographs except f and h. which was 3.5 days. Bar = 100 pm. deltoideus and m. biceps brachii, the majority of Type I fibers had low ELC lf/3f mRNA (Figures 4f and Se) . It is unlikely that different ratios of ELC If to ELC 3f mRNAs are the basis for this, because the ratios of their proteins do not differ between these muscles (Salviati et al., 1983; Billeter et al., 1981) .
Remarkably, the pattern corresponding to m. deltoideus (Figure 4) and m. biceps brachii ( Figure 5 ) was found in all the samples from shoulder and arm muscles we investigated (listed in Table 2). The pattern corresponding to m. vastus lateralis (Figures 4 and 5) was found in all the leg muscles ( Table 2; and Jostarndt et al., 1994) .
Discussion
Fiber Type-speczyc Expression of E K s
Using in situ hybridization as the principal technique, we provide evidence that the fiber type-specific distribution of the essential (alkali) myosin light-chain isoforms in human skeletal muscles is generated through restriction of individual isoform mRNAs to the respective fibers; the mRNAs were expressed in a particular, fiber type-specific manner (Figures 1.4, and 5) . In comparing the ELC protein contents of selected single fibers with their mRNA signals (Figure 2) . we found good agreement. The ELC mRNA patterns also agree with other single-fiber protein studies on the distribution of myosin light-chain isoforms in human muscles (Salviati et al., 1983; Billeter et al., 1981) .
Previous in situ hybridization studies indicate that the muscle fiber type-specific distribution of other proteins is also reflected at the level of their mRNAs. This was shown for myofibrillar as well as non-myofibrillar proteins in the few human studies conducted thus far (Smerdu et al., 1994; Brand et al., 1990; Mita et al., 1989) . as well as in several animal studies (deNardi et al., 1993 : Hallauer et al.. 1993 Hughes et al., 1993; Jacobs-El et al.. 1993; Billeter et al., 1992; Goldspink et al., 1992; Dix and Eisenberg, 1991; Hesketh et al., 1991; Kelly et al., 1991; Aigner and Pette, 1990: Dix and Eisenberg, 1988) . As a general rule, differences in the content of a given protein among fiber types in adult skeletal muscles appear to result from differences in the availability of their mRNAs. This is compatible with the concept of transcriptional control as one main mechanism for fiber type-specific expression, but it offers no proof for it. The concept appears to be valid for muscles in stable states of protein expression. RNA and protein levels in muscles during the process of adaptational changes, such as those brought about by altered use, however, result to a larger extent from posttranscriptional and post-translational mechanisms (reviewed in old woman (a,c,e,g,i) and from m. vastus lateralis from a 32-year- old woman (b,d,f,h,i). (a,b) (c,d) Hybridization with anti-sense probe specific for ELC l s b mRNA. (e$) Hybridization with antisense probe specific for ELC 11/31 mRNA. Hybridization with anti-sense probe specific for ELC 11/31 mRNA. (g,h) Hybridization with anti-sense probe specific for carbonic anhydrase Ill mRNA. (1) Hybridization with sense probe specific for ELC 1f/3f mRNA (negative control). (i) Hybridization with antisense probe specific for ELC 11/31 mRNA. but omitting the phosphatase-coupled antibody in the color reaction (negative control). Fiber types as determined by ATPase stain (not shown) are indicated by Roman numerals (I. 11). Arrowheads point to Type I fibers in m. biceps brachii, which display strong reactions with the ELC lsa and carbonic anhydrase 111 mRNA probes. The color reaction was run for 5 days. Bar = 100 pm. Booth and Kirby? 1992; Pette and Vrbova, 1992; Booth and Thomason, 1991) .
ELC lsa is expressed in a subpopulation of Type I fibers. Unlike ELC Isb. which was expressed in all Type I fibers, we found the other slow isoform ELC Isa only in a subpopulation of fibers. The fibers containing ELC Isa (circles in Figure 1) were the most oxidative, the least glycolytic, and had a high content of carbonic anhydrase 111 (Figures 1,4, and 5) , an enzyme believed to facilitate CO2 diffusion out of muscle cells (Frhont et al., 1987) . On the basis of their NADH-Ti and a-GPDH stains, such fibers can be classified as Type IA according to the scheme of Askanas and Engel (1975) . The less oxidative and more glycolytic Type IB fibers (triangles in Figure 1 ) express less or no ELC Isa. Variations in the expression of ELC lsa among Type I fibers have been described by Salviati et al. (1983) , but without a correlation to the metabolic properties of the fibers.
Like ELC 3f, which was found to be always co-expressed with ELC If in a given fiber (Larsson and Moss, 1993; Billeter et al., 1981 Billeter et al., , 1992 Salviati et al., 1983) , we consistently found ELC Isa together with ELC Isb. In this sense, the slow and fast ELC isoforms can be viewed as corresponding pairs. Given the notion that in human muscles ELC 3f appears to be preferentially associated with the IIB myosin heavy chain and ELC If with IIA (Wada et al., 1990) , one could hypothesize that there might be a preference of ELC 1sa to be co-expressed with a second human Type I heavy-chain mRNA that is expressed in a Type I subpopulation only, as recently proposed by Schiaffino and Reggiani (1994) , whereas ELC 1sb would be associated with the P-Type I heavy chain.
DtfjCerences Between Shoulder/Arm and Leg Muscles
Remarkably, the fine differences in ELC expression between the shoulderlarm and leg muscles illustrated in Figures 4 and 5 were consistently found in all the muscle samples examined. It is possible that they indicate general phenotypic differences between muscles from these two regions. Interestingly, several types of human muscle dystrophies (Becker/Duchenne dystrophy or fascio-scapulohumeral dystrophy and Emery-Dreyfuss dystrophy) affect the shoulder and leg muscles differently (Schmalbruch, 1992 ).
On the one hand, such pattern differences could originate in the ontogenesis of fore-and hindlimbs based on positional information (Hinrichsen et al., 1994; Ordahl and Le Douarin, 1992) . Such information was believed to be responsible for forelimblhindlimb differences in the expression of an ELC If promoter/enhancer construct in mice (Donoghue et al., 1991) as well as variations in the expression sequence of myogenic factors (Smith et al., 1994) . On the other hand, they could originate from different patterns of use. It is widely known that the phenotype of muscle changes in response to variations in its load, which can ultimately lead to fiber type switches involving the expression of new myofibrillar protein isoforms (for human muscle see, e.g., Anderson et al., 1994; Jansson et al., 1990; Staron et al., 1989 ) (for general reviews see Pette and Vrbova, 1992; Booth and Thomason, 1991) . An example of the effect induced by differences in everyday use is given in Sjostrom et al. (1991) , who demonstrated that the cross-sectional area in the left m. tibialis anterior of right-handed humans was signifi-cantly larger owing to fiber hyperplasia. Concerning the two groups compared in this study, the leg muscles in humans have different daily activity patterns, i.e., they perform more postural work than the shoulder and arm muscles. This could at least in part be the cause for the observed differences in the ELC mRNA expression patterns. Support for this hypothesis comes from our own data on m. erector spinae (Jostarndt et al., 1994;  Figure 4 ), a back muscle with mainly postural function. Accordingly, its ELC mRNA pattern was also of the leg muscle type.
Intracellular Distribution of EX mRNAs
Within individual muscle fibers, the highest concentrations of the ELC mRNAs, as well as the mRNA of carbonic anhydrase 111. could be located in perinuclear zones (Figures 1, 3,4, and 5 ). This type of distribution has been described for most of the mRNAs investigated in adult muscle thus far: myosin heavy chain mRNAs (Hesketh et al., 1991; Aigner and Pette, 1990; Dix et al., 1988) ; carbonic anhydrase 111 mRNA (Kelly et al., 1991) ; TNI (Koppe et al, 1989) ; and myogenic regulation factors (Hughes et al., 1993) . The only study that found the mRNA distributed equally throughout the diameter of the fibers is our own report on the expression of ELC If and 3f in various chicken muscles (Billeter et al., 1992) . Considering the relatively high central signal we obtained for ELC lf/3f mRNA in human muscle, as illustrated in Figure 5e , we suggest that for the smaller chicken muscle fibers the preferentially peripheral localization of the signal was blurred by the lower resolution of the 3?3 label used in that study.
Additional ELC mRNA was found in longitudinal stripes which, on the basis of their spacing, we interpret as intermyofibrillar areas (Figure 3b ). ELC mRNA was also found in small, randomly distributed patches (Figures 3c, >e, and 5f ). Russell and Dix (1992) discussed several mechanisms for the distribution of mRNA in striated muscle fibers, each leading to characteristic intracellular mRNA patterns: simple diffusion, cytoskeletal association, co-translational assembly, and restricted diffusion. Because we could not find a regular cross-striational appearance of the ELC mRNAs, we can exclude co-translational assembly as the main mechanism for ELCs. Our data are principally compatible with the patterns proposed for each of the other three mechanisms. Further work will be necessary to distinguish among them.
